The prospects of 2-methylfuran (2MF) as a bio-derived fuel that can be blended with gasoline are quite high. However, the effects of blending 2MF on practical combustion parameters like the laminar burning velocity and pollutant emission from gasoline/air mixture need to be assessed properly before the successful application of the bi-component fuel blend in spark ignition engines. Therefore, a skeletal chemical kinetic mechanism-containing 252 species and 1288 reactions-for the simulation of premixed flames involving isooctane (representing gasoline)/2MF blends has been proposed in the present work. The proposed model has been validated against a wide range of experimental data on the ignition delay time, laminar burning velocity and species profiles from burner stabilized flat premixed flames and well stirred reactors. The results obtained in the present work suggest that there are little chances of co-oxidation reactions among the species generated from the initial decomposition of both isooctane and 2MF. Furthermore, there is only around 8.6% variation in the peak laminar burning velocity when the mole fraction of 2MF is increased from 10% to 90% in isooctane/2MF blend. This fact is quite beneficial as this would entail minimum hardware modifications in the present SI engines that are designed for gasoline. It has also been observed in the present study that the presence of 2MF does not influence the peak benzene mole fraction in the isooctane/air flame at rich conditions. However, the NO mole fraction increases with the increase in 2MF quantity in isooctane/2MF blend.
Introduction
The contemporary transportation sector accounts for around 20% of the global fuel consumption and is primarily driven by liquid petroleum oils [1] . The use of bio-derived liquid fuels is a promising strategy towards the abatement of the share of fossil fuels in this sector. In this regard, the secondgeneration biofuels such as 2-methylfuran and 2,5-dimethylfuran are considered as propitious alternatives to gasoline in spark ignition (SI) engines [2, 3] . These furanic unsaturated cyclic ethers can be produced from lignocellulosic bio-wastes and therefore do not threaten the food security [4, 5] . The storage and handling issues of these fuels are also simplified by the fact that they are negligibly soluble in water. However, the emissions of harmful polycyclic aromatic hydrocarbons are far higher in 2,5dimethylfuran flames compared to the ones involving 2-methylfuran (2MF) [6] . Furthermore, the advantages of 2MF as a biofuel include high research octane number (100.7), high energy content (30.37 MJ/kg), low boiling point (64°C) and low enthalpy of vaporization (358 kJ/kg) [7] . These properties make 2MF a member of the ''Tailor-Made Fuels from Biomass" family [5, 8] .
Many a researcher has exploited these favourable properties of 2MF in spark ignition (SI) engines.
Thewes et al. [7] experimentally measured the engine performance of 2MF in a direct injection SI (DISI) engine. The results were compared with the performance obtained using a gasoline surrogate fuel and ethanol which is the most common renewable liquid fuel for SI engines. It was observed in this study that 2MF provided stable combustion during the cold start of the engine due to its low boiling point. Therefore, the hydrocarbon emission reduced greatly (~61%) compared to the gasoline fuel at similar operating conditions. These observations have been corroborated by Hoppe et al. [9] in a more recent study. Furthermore, it was observed that 2MF considerably increased the knock resistance in a DISI engine. In another work, Wang et al. [10] observed that 2MF has the ability to improve the indicated thermal efficiency of a DISI engine by about 3% compared to conventional gasoline. Moreover, most of the emissions were found to be reduced when 2MF was used in the engine. It may be mentioned in this regard that a blend of 10% 2MF and 90% gasoline has recently been tested in a successful 90,000 km road trial in a conventional SI engine [2] without any significant damage to the engine. Based on these observations, it has been presumed in this work that 2MF and gasoline blends can safely be used in the conventional SI engines without further design modifications.
However, some important fundamental combustion parameters like the ignition delay time and laminar burning velocity of the fuel blends in air need to be prudently evaluated and analysed at engine relevant conditions a priori for efficient operation of SI engine using 2MF /gasoline blends. In this regard, there has been quite a few works on the exclusive experimental determination of ignition delay time and laminar burning velocity of both isooctane [11] [12] [13] [14] and 2MF [15] [16] [17] at different physical conditions. However, the complexities associated with different experimental methods mandate numerical determination of these fundamental parameters using chemical kinetic mechanisms. The contemporary review works done by Sarathy et al. [18] and Zhen et al. [19] have shown that there is a plethora of chemical kinetic mechanisms of gasoline surrogates in the literature that have been validated across a wide range experimental observations from apparatus like shock tube, rapid compression machine, different types of burners (flat flame, counterflow, Bunsen etc.), different types of reactors (perfectly stirred, plug flow etc.), combustion bomb, homogeneous charge compression ignition (HCCI) engines etc. As mentioned in these works, the binary mixtures of isooctane and n-heptane are quite commonly used as the gasoline surrogates. In this regard, Bhattacharya et al. [20] considered a binary mixture of 95% isooctane and 5% n-heptane as a surrogate for the real world gasoline. Furthermore, Huang et al. [21] showed that the laminar burning velocity of the isooctane/n-heptane blend does not vary significantly when the isooctane quantity is varied in the range of 85-100 %. Therefore, the exploration and proposal of new isooctane combustion chemistry still remains an extremely important topic [22] [23] [24] .
On the other hand, Simmie and Curran [25] performed quantum chemical calculations to determine the enthalpies of formation and bond dissociation energies of alkylfuran compounds. Somers et al. [26] proposed a detailed chemical kinetic mechanism for 2MF oxidation containing 2059 reactions among 391 species. The mechanism was validated using the experimental data on ignition delay time and laminar burning velocity measured using shock tube and heat flux burner [27] respectively at various equivalence ratios () in the high temperature regime. The pyrolysis chemistry of this mechanism was later updated using quantum chemical methods [28] . In recent times, Cheng et al. [29] have proposed a revised version of this mechanism containing the formation and decomposition pathways of propargyl, fulvene, benzene, benzyl, styrene, ethylbenzene etc. Furthermore, a group of researchers at Bielefeld University and Université de Lorraine [30] [31] [32] have developed another detailed kinetic model consisting of 1472 reactions among 305 species for furanic fuels-furan, 2,5-dimethylfuran and 2MFbased on the mechanism proposed by Sirjean et al. [33] . This high temperature model was validated against the experimental data on the intermediate species profiles obtained using the high-resolution electron-ionization molecular beam mass spectrometry (EI-MBMS) and gas chromatography (GC) of laminar premixed flat flames involving 2MF, oxygen and argon at stoichiometric as well as fuel rich conditions at low pressures (20 and 40 mbar) . In a subsequent work, this mechanism was augmented with polycyclic aromatic hydrocarbons (PAH) and species often considered in gasoline surrogate mixtures (i.e. toluene, n-heptane and isooctane) [6] . Furthermore, this mechanism was improved with low to moderate temperature combustion chemistry recently which finally resulted in a size of 3143 reactions among 524 species [34] . In another recent work, Weber et al. [35] studied the pyrolysis of furan, 2MF and 2,5-dimethylfuran in shock tube. The experimentally obtained temporal variations of H atom concentration were simulated using a modified version of the mechanism by Liu et al. [30] . In this modified version, the specific reaction rates of 17 influential reactions steps were altered.
However, during the computational fluid dynamics (CFD) simulation of reactive flows, it is the associated chemical mechanism that demands the lion's share of the computational resources. In this regard, Lu et al. [36] have expressed the overall cost of a CFD simulation (Co) as,
where, "N" is the number of species in the mechanism and Δ's are the case specific constants that depend on the determination of parameters like reaction rate, mass diffusion, Jacobian factorization and number of nodes in the computational domain. Therefore, in order to keep the computational cost within the achievable limit, numerous approaches have been adopted to reduce the number of species in a CFD simulation [37, 38] . Some of the popularly accepted techniques include the development of skeletal and reduced chemical mechanisms [39, 40] , invariant constrained equilibrium edge preimage curve method (ICE-PIC) [41] , in situ adaptive tabulation (ISAT) [42] , flamelet generated manifold (FGM) [43] , ratecontrolled constrained equilibrium (RCCE) [44] and many more.
As seen from the above literature review, even though isooctane/2MF blend has great potential in the automobile sector, few works are available on the effects of adding 2MF with isooctane from the perspective of chemical kinetics and pollutant formation in premixed flames. Moreover, concise mechanisms are needed for such studies in order to keep the computational costs within acceptable limits. Therefore, a skeletal chemical kinetic mechanism has been developed in the present work for such a purpose. This mechanism has been validated using the ignition delay time, laminar burning velocity and species profiles from experimentally investigated premixed flames involving isooctane, 2MF and their blends from literature in the present work. Furthermore, the proposed mechanism has been used to assess the effects of 2MF blending to isooctane from the soot precursor and NO emission point of view.
Kinetic model development
The starting point for the development of the skeletal mechanism has been chosen to be the detailed mechanism developed at the National University of Ireland Galway [26, 28, 45] . This mechanism (hereafter called NUIG mechanism) contains 2889 reactions among 567 species. This mechanism has been validated against a wide range of experimental data on ignition delay time from shock tube, laminar burning velocity from heat flux burner and species profiles from jet stirred reactor. However, in order to achieve a concise version of the mechanism, the detailed NUIG mechanism has been reduced to a skeletal mechanism with 590 reactions among 113 species using the directed relation graph with error propagation (DRGEP) method [46] . During the reduction process, the target parameters have been chosen to be the high temperature ignition delay times of 2MF/O2/Ar mixtures at different pressures (1.25, 4.25 and 10.65 bar) and equivalence ratios ( = 0.25, 1 and 2) from the work of Wei et al. [16] .
A thorough description of a similar reduction process can be found in Bhattacharya et al. [47] .
After obtaining the skeletal mechanism for 2MF oxidation, another mechanism for the combustion of isooctane from Yoo et al. [48] has been merged into the former in order to construct a kinetic model for isooctane/2MF blend. In this context, it may be mentioned that all the chemical kinetic parameters in these mechanisms are expressed in Arrhenius form. During the merger process, the chemical kinetic parameters belonging to the isooctane mechanism have been given preference over the 2MF mechanism in case of conflicts. On the other hand, the thermodynamic (polynomial fits to the specific heats, standard state enthalpies, and standard state entropies) and transport parameters (the Lennard-Jones parameters, dipole moments, polarizabilities and rotational relaxation collision numbers) belonging to the 2MF mechanism have been preferred over the same for the isooctane mechanism. The primary motivation behind these choices has been the betterment of the validation results. On the other hand, Alexandrino et al. [49] have concluded in their work that the nitric oxide (NO) chemistry has significant influences on the 2MF combustion kinetics over a wide range of equivalence ratios. Therefore, this NO mechanism [49] -both the thermal and prompt routes-has been added to the proposed chemical kinetic model. At the end of this step, the size of the mechanism obtained was 1293 reactions among 252 species including the inert gases (Argon and Helium).
However, due to the replacement of a large number of reactions in the 2MF mechanism with the ones from the isooctane mechanism, considerable over prediction has been observed in predicting the laminar burning velocity of 2MF/air mixtures with this mechanism. The experimental data set from Somers et al. [26] has been used as target parameters in this context. In order to rectify such mismatch, the chemical kinetic parameters of the proposed skeletal mechanism have been further optimized using sensitivity analysis on the mass burning flux for laminar premixed flames. During the sensitivity analysis, a normalized sensitivity coefficient for a reaction 'i' with specific forward reaction rate ki is defined as ∂lṅ∂ln⁄ , where ̇ represents the mass burning flux. It may be noted in this regard that the mass burning flux is directly proportional to the laminar burning velocity for a fuel/air mixture at constant pressure and unburnt gas temperature. Based on the results from the sensitivity analysis, the specific reaction rate parameters pertaining to four reactions have been altered. The details of these changes are listed in Table 1 . Furthermore, five reactions (viz. CH3O2 + CH 3= CH3O + CH3O, CH3O2 + H = CH3O + OH, CH3O2 + O = CH3O + O2, CH3 + O2 (+M) = CH3O2 (+M) and HCCO + O2 = CO2 + CO + H) have been excluded from the mechanism that was formed earlier. Therefore, the final version of the proposed mechanism consists of 1288 reactions among 252 species.
Validation of the mechanism
After the formulation of the mechanism, the next step has been to validate it against the experimental data from literature. The high temperature ignition delay time dataset for 2MF/O2/Ar blends from Wei et al. [16] has been used for that purpose initially since the same had been used as the target during the mechanism reduction process. Furthermore, the performance of the proposed mechanism in predicting the ignition delay time (τ) has been compared with the detailed NUIG mechanism [26, 28, 45] . The results are shown in Fig. 1 (a-g) for different compositions ( = 0.25, 1 and 2) and pressures (viz. 1.25 bar, 4.25 bar and 10.65 bar). It may be seen from the figure that despite containing around 55% less number of species compared to the detailed one, the proposed mechanism predicts the experimental results accurately. On a similar note, the laminar burning velocities (SL) predicted by the present mechanism for 2MF/air mixtures at atmospheric pressure and different However, it may be seen from the figure that the maximum value of SL occurs at  = 1.15 for the simulation results while the corresponding experimental value is  = 1.1.
Similar to the heat flux burner, the McKenna burner also produces laminar flat one-dimensional premixed flames. The major species profiles from such flat flames of 2MF/O2/Ar mixtures as obtained by Cheng et al. [29] and Tran et al. [31] have been used as the next validation targets. During this process, the experimentally measured temperature profiles along the height above the burner (HAB) for three different flames (with  = 0.8, 1.0 and 1.7) have been provided as inputs and only the species conservation equations have been solved using the proposed chemical kinetic mechanism. The variation of the mole fractions of seven major species is plotted along the HAB for  = 0.8 in Fig. 3 (a). It may Figure 1 . Comparison of performance of the proposed mechanism (dotted lines) against the detailed NUIG mechanism (bold lines) [26, 28, 45] Similarly, qualitative agreement has been observed for the model predictions and the experimental data [57] for isooctane/O2/N2 mixtures from jet stirred reactor at  = 0.5, 1 and 1.5 in the temperature range 700-1100 K, 1 s residence time and 10 atm pressure. The results may be seen in Fig.   S4 (a-c) . On the other hand, Fig. 4 (a-c) compares the predicted ignition delay time with the experimental data for a wide range of temperature, pressure and equivalence ratio. In Fig. 4 (a [20, [61] [62] [63] and counter flow burner method [64] and the higher pressure values by outwardly propagating spherical flames in a combustion bomb [65] . It may be noted in this regard that different methods for the experimental determination of laminar burning velocity differ considerably in operating pressure range and accuracy [66] . Furthermore, the heat flux burner method is the most accurate one in the low pressure (≤10 bar) range [67] . It may be seen from Fig. 5 (a) that the proposed mechanism predicts SL of isooctane/air mixture at atmospheric pressure and that the increased importance of the ethylene and C4 sub mechanisms is instrumental in creating such under predictions. Therefore, in their opinion, the corresponding kinetic parameters of these sub mechanisms need further revision for better performance of the kinetic models in the rich side. On the other hand, Egolfopoulos et al. [67] have pointed out that the experimental apparatus itself tends to give higher values of laminar burning velocity in the rich side compared to other methods. However, no reasons were mentioned for this discrepancy in this review work. In a subsequent study, Bhattacharya et al. [20] observed that the uncertainties originating from thermocouple placement aggravate at higher equivalence ratios beyond the stoichiometric point. It may be noted in this context that the rectification of the disparity in theoretical predictions and experimental data for rich isooctane/air laminar burning velocity is outside the scope of the present work. 
Results and discussion

Analysis of the possibilities of co-oxidation reactions
After the validation of the proposed mechanism for the individual fuel components and their blends, the possibility of co-oxidation reactions has been explored. During the co-oxidation reactions, the initial heavy radicals generated from one fuel molecule abstract H atoms from the preliminary radicals generated from the other fuel species [71, 72] . It has been mentioned in a recent work by Tripathi et al. [73] that the co-oxidation reactions may be considered insignificant if the fuel molecules are decomposing at different temperature zones. In order to investigate this fact, the percentage of unburnt isooctane and 2MF with respect to their initial amount is plotted across the flame coordinate in Fig. 7 for stoichiometric 80% isooctane/20% 2MF blend in air at 333 K unburnt gas temperature and atmospheric pressure. Furthermore, the corresponding flame temperature in the same computational domain is shown in the secondary axis. It may be seen from the figure that the 2MF molecule breaks more readily than isooctane in the initial part of the preheat zone. This is due to the lower minimum C-H bond dissociation energy in 2MF structure (306.9 kJ/mol) [25] than isooctane (389.69 kJ/mol) [74] . The maximum difference in unburnt 2MF and isooctane fractions is observed at a temperature of 880 K. This difference may be attributed to the NTC behaviour of the isooctane combustion chemistry.
As discussed earlier, the HO2 radicals dominate the combustion kinetics in the NTC region. These radicals form the hydrogen peroxide (H2O2) molecule through the reaction HO2+C8H18 = H2O2+C8H17.
The H2O2 is a metastable species that does not break according to the chain branching reaction H2O2(+M) = OH + OH(+M) unless the temperature goes high enough. Therefore, the consumption rate of the isooctane molecule is decelerated in the NTC region due to the formation of the H2O2 molecules [59] . In order to identify the dominance of the NTC chemistry, the variation of the mole fraction of H2O2 (YH2O2) in ppm across the flame coordinate is embedded in Fig. 7 . It may be seen from the figure that the peak value of H2O2 mole fraction also occurs at 880 K. Beyond this point as the temperature increases, the above-mentioned chain branching breakup of the H2O2 molecule gains relevance.
Therefore, the slope of the unburnt isooctane percentage in Fig. 7 becomes steeper. This faster depletion of isooctane results in the unburnt fractions of both the fuel components to be nearly equal (≈ 16%) at a temperature of 1284 K. Again, beyond this point of inflection, the consumption rate of both isooctane and 2MF slows down. It is also clear from the temperature curve that this inflection point is the juncture between the preheat and reaction zones where the ignition occurs.
The main reason behind this reduction in reactivity of the fuel components may be derived from the rate of production analysis shown in Fig. 8 (a) and (b) for isooctane and 2MF respectively. It may be seen from Fig. 8 (a) that the isooctane (IC8H18) consumption via H abstraction reactions to produce four isomers of isooctyl radicals (AC8H17, BC8H17, CC8H17 and DC8H17) [58, 75] attains its peak at the point of inflection. A similar observation has been reported earlier by Bhattacharya et al. [76] as well.
On the other hand, the consumption of the isooctane molecule is only governed by the unimolecular decomposition route IC8H18=YC7H15+CH3 at temperatures higher than 1284 K beyond the ignition point. Hence, it may be inferred that the H abstraction reactions accelerate the isooctane fuel consumption in the preheat zone and ignition occurs when such consumption reaches its peak. On a similar note, the consumption of the 2MF fuel is also partially dominated by the H abstraction reactions 2MF+OH=MF22J+H2O and 2MF+H=MF22J+H2 in the preheat zone of the flame up to the inflection point ( Fig. 8 (b) ). In addition to these, the ring opening reactions 2MF+H=CH2CHCHCO+CH3 and 2MF+H=P4E2O3J-C1 also contribute significantly towards the consumption of the 2MF molecule in the preheat zone. It may be seen that the consumption of 2MF takes place in two stages through the reaction 2MF+H=P4E2O3J-C1. However, the consumption rate decelerates abruptly beyond the ignition point as all of these main decomposition routes are slowed down.
As seen from the above discussion, isooctane and 2MF decompose at different rates at different regions of the flame involving isooctane/2MF blend in air. Furthermore, the peak rates of the decomposition reactions occur at different positions in the preheat zone. Therefore, the possibility of co-oxidation reactions between the radicals directly generated from the fuel molecule breakup should be highest in this zone. In order to assess the chances of such reactions, the mole fraction (in ppm) of Figure 9 . Distribution of primary decomposition radicals from isooctane and 2MF across the computational domain for stoichiometric 80% isooctane/20% 2MF blend in air at 333 K unburnt gas temperature and 1 atm pressure.
the primary decomposition species of isooctane (i.e. the isooctyl radicals) and 2MF (i.e. 2-furylmethyl (MF22J), 1-oxo-1,3-butadiene or vinyl ketene (CH2CHCHCO) and 3,4-pentadiene-1-one-2-yl (P4E2O3J-C1)) are shown in Fig. 9 . It may be seen from the figure that all the isooctyl radicals show their peak in the initial part of the preheat zone while the primary decomposition radicals from 2MF are distributed over a wider length of the flame coordinate downstream. The relative positions of these heavy radicals from 2MF and isooctane contradict the observation made in Fig. 7 where the 2MF molecule is seen to be decomposing earlier than isooctane. Therefore, it may be inferred that the preferential mass diffusion of the primary decomposition radicals determines their relative position in the flame. Furthermore, the peak mole fractions of MF22J, CH2CHCHCO and P4E2O3J-C1 are a few orders of magnitude higher than the four isomers of the isooctyl radicals despite the fact that that fuel stream contains isooctane and 2MF in 4:1 ratio.
In order to investigate this disparity further, the rate of production of these radicals have been analysed at the point of their respective peaks. As all the isooctyl radicals follow similar chemical path, the rate of production of one of them (BC8H17) with the highest presence in the flame is shown in Fig.   10 (a). as seen from the figure, these heavy radicals are mainly produced from the fuel (IC8H18) molecule through H abstraction by H and OH radicals. Then, these isooctyl radicals are primarily consumed through the β-scission breakup like BC8H17=YC7H14+CH3. On the other hand, CH2CHCHCO is generated through both the paths 2MF+H=CH2CHCHCO+CH3 and P4E2O3J-C1=CH3+CH2CHCHCO ( Fig. 10 (b) ). It may be mentioned in this context that the P4E2O3J-C1 radical is generated through the routes 2MF+H=P4E2O3J-C1 and P4E2O3J-C2=P4E2O3J-C1 where P4E2O3J-C2 is the secondary conformer of P4E2O3J-C1. These multiple generation paths explain the higher amount of CH2CHCHCO and P4E2O3J-C1 in the flame compared to the isooctyl radicals in Fig. 9 . The 2furylmethyl radical is generated through the H abstraction from the 2MF structure by H and OH radicals ( Fig. 10 (c) ). Furthermore, a large portion of the MF22J combines with the CH3 radicals to form 2ethylfuran (E2F). Therefore, the mole fraction of MF22J is significantly low in comparison to CH2CHCHCO and P4E2O3J-C1 in Fig. 9 . It may be summarized from the above discussion that the decomposition of the fuel molecules occurs in a spatially distributed manner inside the premixed flame involving 80% isooctane/20% 2MF blend in air at stoichiometric condition. Furthermore, there is significant inhomogeneity in the distribution of initial heavy species generated from both the fuel molecule breakups due to preferential diffusion. The peak mole fractions of the primary decomposition species also vary by several orders of magnitude for isooctane and 2MF. The combination of all these factors minimize the possibilities of co-oxidation reactions among these heavy species. Therefore, such reactions have not been considered in the present model.
Effects of blending 2MF with isooctane on laminar burning velocity, soot precursors and NO formation
The laminar flame discussed in the above section is of great practical significance. An increase in the mass burning flux associated with such a laminar flame increases the flame stability in a real-world combustor for a particular fuel blend. Moreover, augmented mass burning flux-or laminar burning velocity-brings the thermal efficiency of the SI engine close to its air standard limit [47, 77, 78] . It may be seen from Fig. 11 that the peak value of SL increases by around 8.6% when the 2MF mole fraction is increased from 10% to 90% in the isooctane/2MF binary fuel blend at  = 1.1 for unburnt gas pressure and temperature of 1 atm and 333 K respectively. Furthermore, the difference in SL between the two binary blends becomes increasingly conspicuous as the equivalence ratio increases. In order to investigate the increase in SL due to 2MF addition in isooctane, a sensitivity analysis was carried out at stoichiometric condition. The results are shown in Fig. 12 . The sensitivity analysis suggests that the key influencing reactions are same for both the fuel blends. However, there are quantitative differences among the intensities of such influences of individual reactions. The positive contribution of the CO oxidation reaction CO+OH=CO2+H increases with the increase in 2MF amount in fuel. On the other hand, the reactions like H2O+M=H+OH+M, H+CH3(+M)= CH4(+M), HCO+OH=CO+H2O Figure 11 . Variation of laminar burning velocity with equivalence ratio for 90% isooctane/10% 2MF and 10% isooctane/90% 2MF blends in air at atmospheric pressure and unburnt gas temperature of 333 K. and IC4H8=IC4H7+H whose forward progress reduces the value of SL show lesser sensitivity with the increase in 2MF amount in the binary fuel blend. These chemical factors combine to increase the laminar burning velocity due to 2MF addition in isooctane. The above discussion reveals that the addition of 2MF to isooctane is advantageous from the perspective of engine efficiency and flame stability inside the combustor. However, along with the improvement in performance, the effects of blending 2MF to isooctane on the emission of different pollutants (like soot and NO) needs to be assessed as well. While soot is majorly emitted from rich flames, the NO is one of the main pollutants from the near stoichiometric flames that have high flame temperatures. It is widely believed that the polycyclic aromatic hydrocarbons (PAHs) are the gaseous precursors of soot particles generated from a flame. Furthermore, the hydrogen abstraction acetylene addition (HACA) to the benzene (C6H6) ring [79, 80] is a widely accepted route for the growth of PAHs.
The formation of the initial C6H6 molecule involves reactions between certain smaller molecules (like acetylene (C2H2), propargyl (C3H3) and 1,3-butadiene (C4H6-13) [81, 82] ) as well. Therefore, the peak mole fractions (in ppm) of C2H2, C3H3, C4H6-13 and C6H6 in the premixed flames of isooctane/2MF blends in air are plotted in Fig. 13 as a function of 2MF mole fraction (in %) in the binary fuel blend for  = 1.3. It may be seen from the figure that the amount of C3H3 and C6H6 are almost unaltered with the increase in the 2MF mole fraction. This is due to the fact that the chain terminating reaction C3H3+C3H3=C6H6 majorly controls the conversion of C3H3 to C6H6 [82] . On the other hand, the increase for C2H2 and C4H6-13 is around 30% and 390% respectively with the increase in the 2MF mole fraction from 10% to 90% in the binary isooctane/2MF blend.
In order to investigate these facts further, the reaction paths leading to C2H2 and C4H6-13 from isooctane and 2MF molecule has been analysed in Fig. 14 (a) and (b) respectively for the 80% isooctane/20% 2MF blend flame. The reaction paths for C2H2 and C4H6-13 have been drawn at the locations of their respective peak mole fraction. It may be seen from Fig. 14 (a) that the C2H2 molecule is generated through the route IC8H18 → methyl (CH3) → ethane(C2H6) → ethyl(C2H5) → ethene(C2H4) → vinyl(C2H3) → acetylene(C2H2). The CH3 radical is generated from the thermal decomposition of isooctane through the reaction IC8H18= yC7H15+CH3. Furthermore, the β-scission of the 2,4-dimethylpropan-2-yl radical (yC7H15) initiates the path towards the formation of C4H6-13. Some of the key intermediates during the formation of C4H6-13 include allene (aC3H4), propyne (pC3H4), propargyl (C3H3) and 1,2-butadiene (C4H6-12). On the other hand, it is evident from Fig. 14 (b generated from 2MF molecule through a much shorter path with only two isomeric intermediates (viz.
1-buten-1-yl (C4H7-11) and 1-Methylallyl (C4H7-13) radicals). Therefore, this shorter path contributes heavily towards the formation of C4H6-13 in the premixed flame when 2MF is added to isooctane. The C2H2 molecule is generated from the initial breakup mechanism of the 2MF molecule through the path 2MF → 2-furanylmethyl (MF22J) → 3,4-pentadiene-1-one-2-yl (P34DE1O2J-C1) → secondary conformer of 3,4-pentadiene-1-one-2-yl (P34DE1O2J-C2) → 1,4-pentadiene-1-one-3-yl (P14DE1O3J-C1) → 2,4-pentadiene-1-one-1-yl (P24DE1O1J) → 1,3-butdien-4-yl (C4H5-N) → acetylene (C2H2). It may be noted that there is little contribution of IC8H18 on the C2H2 generation path from 2MF and vice versa. Therefore, as a combination of these independent formation paths originating from the fuel components, the mole fraction of C2H2 increases proportionately with the 2MF mole fraction in IC8H18/2MF binary fuel blend as seen in Fig. 13 .
After analysing the formation of soot precursors, the effect of 2MF addition to isooctane on the formation of NO has been assessed. It is worth mentioning in this regard that the NO can be produced through either the prompt or the thermal route in case the fuel itself does not contain nitrogen. While the thermal route involving the Zeldovich mechanism [83] is governed by the flame temperature, the prompt route involves the interactions between the hydrocarbon and nitrogen molecules and is mostly active in the low temperature rich flames. A recent review work by Glarborg et al. [84] suggests that there is still huge scope for improvement in the understanding of nitrogen chemistry from combustion perspective. Hence, the present work aims to propose a chemical kinetic mechanism capable of predicting the NOx emissions from flames involving isooctane/2MF blends. However, it may be seen from the inset in Fig. 15 that the NOx sub-mechanism of Alexandrino et al. [49] in the present model provides acceptable qualitative prediction of NO emission in the range 0.75≤  ≤1.07 only. The experimental dataset used for this validation has been taken from the work of Bartok et al. [85] involving atmospheric pressure methane/air combustion in a well stirred reactor for initial temperature of 463.7 K and 3 ms residence time. Therefore, the effect of 2MF addition to isooctane towards NO formation in premixed flame is shown in Fig. 15 at atmospheric pressure and stoichiometric condition. The unburnt gas temperature is 333 K. It may be seen from the figure that the peak NO mole fraction (in ppm) increases by around 21% as the 2MF mole fraction increases from 10% to 90% in the isooctane/2MF blend. This increase may be attributed to the increase in flame temperature and domination of the Zeldovich mechanism due to the addition of 2MF as shown in the secondary axis of the figure.
Conclusions
In the present work, a skeletal chemical kinetic mechanism consisting of 252 species and 1288 reactions has been proposed for the simulation of premixed flames involving isooctane/2MF blends.
The mechanism has been validated against a wide range of experimental data on ignition delay time, laminar burning velocity and species profiles from burner stabilized premixed flames and well stirred reactors for the individual fuel components as well as their blends. The following conclusions can be drawn from the present study:
1) The likelihood of co-oxidation reactions among the species generated from the initial decomposition of the fuel molecules is minimized due to the following reasons: a) Contrary to the homogeneous distribution of the reactants during the measurement of ignition delay time and well stirred reactor experiments, the decomposition of the fuel molecules occurs in a spatially distributed manner inside the premixed flames. b) Similarly, the preferential diffusion of these primary decomposition species leads to an inhomogeneous distribution to prevail in the flame.
c) The mole fractions of the primary decomposition species have also been found to differ by several orders of magnitude for isooctane and 2MF.
2) The difference in the laminar burning velocity between 90% isooctane/10% 2MF and 10% isooctane/90% binary fuel blend increases with the increase in equivalence ratio. Furthermore, the difference in peak value of the laminar burning velocity is around 8.6% between these two blends at  = 1.1. This marginal variation is advantageous from the SI engine application perspective as this would entail nominal design modifications.
3) As far as the gaseous soot precursors are concerned, it has been observed in the present work that the addition of 2MF to isooctane has little influence on the amount of peak benzene (C6H6) and propargyl (C3H3) mole fractions in the premixed flame corresponding to  = 1.3. However, the peak mole fraction of acetylene (C2H2) and 1,3-butadiene (C4H6-13) in the flame increases with the increase in 2MF mole fraction in the isooctane/2MF blend. The primary cause behind such rise is the generation paths leading to C2H2 and C4H6-13 from the 2MF molecule which is unaffected by the presence of isooctane.
4)
On the other hand, the NOx sub-mechanism in the present model provides acceptable prediction of NO emission in the range 0.75≤  ≤1.07 only. In this region, the NO production is primarily governed by the thermal route, i.e. the Zeldovich mechanism. It has been observed in the present study that the addition of 2MF in isooctane increases the flame temperature, thereby increasing the NO mole fraction.
5)
Finally, the present study suggests that the prompt NO mechanism of isooctane/2MF blend needs to be further improved. Furthermore, there is scope for the evaluation of the contribution of cooxidation reactions between the heavy molecules generated from the fuels from a quantitative perspective in future.
